1 Displacement-amplifying compliant mechanisms (DaCMs) 
Introduction
Compliant mechanisms ͓1͔ are becoming increasingly popular due to their inherent advantages over the traditional rigid-body mechanisms and their amenability to small-sized systems of the rapidly growing areas of micro-and nanosystems ͓2͔. Displacement-amplifying compliant mechanisms ͑DaCMs͒ are used to get large the displacement at the output as compared to that at the input. The design of DaCMs for actuator applications has received considerable attention in the past decade ͓3-10͔. Among the sensor applications, it is worth noting that Su and Yang ͓11͔ and Pedersen and Seshia ͓12͔ used force-amplifying compliant mechanisms ͑FaCMs͒ for increasing the sensitivity of resonant accelerometers. On the other hand, literature on the design of DaCMs suggests that sensor applications remain largely unexplored. In this paper, we consider two sensors, namely, a micromachined inertial-grade capacitive accelerometer and a force sensor, to enhance their sensitivity using DaCMs.
First, we evaluate existing DaCMs that are reported in literature. Evaluating the mechanisms in a catalog ͓13-15͔ for a given application is not uncommon in mechanism design. The equivalent of conceptual design for single-piece compliant mechanisms is the topology design. Therefore, we present a method to evaluate DaCM topologies in a catalog. Most of these DaCMs are systematically obtained using optimization methods but for different applications. Selection of an application-specific mechanism from a catalog would be effective if the catalog is rich and there exists a systematic basis for evaluation and comparison of mechanisms in the catalog. Although the number of compliant designs is limited at present, we found as many as 9 for specialized compliant devices such as DaCMs ͑see Appendix͒. This number compares well with that of some specialized mechanisms in the catalogs of rigidbody mechanisms ͑e.g., Ref. ͓13͔͒. In the course of this work, we add three more DaCM topologies bringing the total number to 12. It is anticipated that this number would increase in due course.
The ratio of output and input displacements, i.e., inherent amplification denoted by n, is not the only measure to evaluate the suitability of a DaCM for a given application nor is it adequate to compare two DaCMs. For the purpose of evaluation and comparison, in Sec. 2.1, we introduce a spring-mass-lever ͑SML͒ model that captures, in addition to n, the stiffness and inertia characteristics at the input and output sides. An added benefit of the SML model, as shown in Sec. 2.3 , is that it helps analyze the given specifications of an application to determine their feasibility as well as to formulate the criteria for the selection and design of a DaCM. We then design a DaCM anew using topology and sizeoptimization methods, which is presented in Sec. 3. These methods are now well established ͓16-18͔ and are advancing toward tackling practical problems ͓19͔. Section 4 contains a discussion of the pros and cons, and the generality of the approaches for evaluating existing DaCMs and designing new DaCMs. Concluding remarks are in Sec. 5. The next section begins by providing a brief background to the sensors using which the general procedure of this paper is presented.
Sensor Applications, DaCMs, and the Spring-MassLever Model
We discuss the specifications of the two sensor applications first. Figure 1͑a͒ shows the proof-mass and suspensions of a bulkmicromachined single crystal silicon accelerometer, which has a resolution of the order of micro-g, i.e., the millionth of the acceleration due to gravity ͓20͔. This accelerometer consists of wafer-1 This paper is a substantially enhanced version of a paper presented at the ASME 2006 International Design Engineering Technical Conferences held in Philadelphia on September 10-13, Paper No. DETC2006 99345.
Contributed by the Mechanisms and Robotics Committee of ASME for publication in the JOURNAL OF MECHANICAL DESIGN. Manuscript received May 30, 2007; final manuscript received May 17, 2008; published online September 9, 2008 . Review conducted by Mary Frecker. Paper presented at the ASME 2006 Design Engineeringthick ͑i.e., 450 m͒, 2000 m long, and 1000 m wide proofmass but a thin ͑3.5 m thick͒ suspension consisting of eight beams each of which is 700 m long and 40 m wide. This gives rise to a spring constant of 4.717 N / m while the proof-mass weighs 2.07 mg. The proof-mass moves in the direction of the applied acceleration. This displacement is detected as a change in capacitance between a set of moving electrodes attached to the proof-mass and a set of fixed electrodes attached to the substrate, which are not shown in the figure. The relative change in capacitance can be approximated to the first order as a ratio of the output displacement of the sensor to the sense-gap provided between the static and the moving combs, i.e., ͑⌬C / C͒ = ͑x / d͒, where x is the displacement of the sensor and d ͑1.1 m͒ is the gap between the two electrodes forming the capacitor. Such an accelerometer is able to obtain a relative change in capacitance ͑⌬C / C͒ of 3.91/ g and C of 8 pF. Assuming an electronic capacitance-detection circuit with a resolution of 10 ppm ͑parts per million͒, we can measure close to 2.5 g with this sensor. For a minimum detectable acceleration of 1 g, the mechanical sensor's proof-mass area should be increased by 2.5 times or the suspension stiffness needs to be decreased by the same number. These would require either a large area and/or thin feature sizes, which complicate the fabrication process. This change would also result in a significant reduction in the natural frequency of the sensor. It is shown in later sections that adding a DaCM to this sensor would amplify its output displacement with negligible change in the natural frequency of the device. Furthermore, it should be ensured that the cross-axis sensitivity of the accelerometer with the DaCM should not be more than 0.025% of the desired-axis sensitivity. This means that the measured change in capacitance due to certain acceleration in a cross-axis ͑i.e., an axis perpendicular to the desired axis͒ should only be 0.025% or less of the change in capacitance that would result when the same acceleration is applied along the desired axis.
Our second application, as shown schematically as a fixed-fixed beam in Fig. 1͑b͒ , is a mechanical force sensor. The deflection of the beam is a measure of the force applied on the object. Such sensors are used in vision-based force sensing of cells and in micro-assembly operations ͓21͔. The sensor is made flexible enough to have a high sensitivity. However, increasing the flexibility decreases the stiffness and thus increases noise and propensity to buckle even under small axial loads. We thus propose to use a DaCM that is adequately stiff and is as sensitive as the beam shown in Fig. 1͑b͒ but with a larger range of motion than that of the beam. An example of this is a vision-based sensor of small forces applied on biological cells or inanimate micro-objects ͓22͔ during their controlled manipulation with microtools. In this application, the entire mechanism should fit within the field of view of a microscope ͑i.e., 3.368ϫ 2.526 mm 2 ͒ so that the necessary portion of the DaCM can be seen as it deforms. As the DaCM interacts with a cell, for an applied minimum force at the point of contact with the cell, we need to get sufficiently large amplification at the output ͑sensing͒ point whose displacement can be detected by a camera. If each pixel of an image captured by the camera attached to a microscope measures around 5 m ͓21͔, the smallest force to be measured ought to cause a displacement of 5 m at the sensing point. We take the smallest force to be measured as 2.5 N. Thus, the sensitivity of the DaCM should be 5 m for 2.5 N or equivalently 2 m / N.
We develop a simple model for a DaCM in order to see if the specifications of the two sensors are achievable with the existing DaCMs.
SML Models.
For the purposes of design, it is common to model an elastic structure as a lumped spring-mass system with one degree of freedom. This is done when the elastic body acts like a spring and the force is applied at the same point where a displacement of certain magnitude is of interest. An elastic structure-based sensor fits this description. Figure 2͑a͒ shows a generic sensor with a mass m s and a flexible straight-beam suspension with stiffness k s , which is subjected to a force, F in . Figure  2͑b͒ shows its linearized lumped spring-mass model. The sensed displacement, x, in this case is given by
A DaCM is a different kind of a spring: it has two points of interest, a point where the input force/displacement is applied and another where amplified displacement is desired. Figure 3͑a͒ shows the generic sensor in Fig. 2͑a͒ attached to a DaCM and an external load.
2 A DaCM is not a simple rigid-body lever; it is a lever with some stiffness at its input and output sides. Furthermore, unlike a rigid-body lever, its amplification and deamplification factors are not simply reciprocals of each other. That is, the ratio of the output and input displacements is different when the input force is applied at either of the two points of interest. A lumped SML model that captures all these essential Transactions of the ASME features of a DaCM is shown in Fig. 3͑b͒ . In addition to n, the model has k ci , k co , k ext , m ci , m co , and m ext as the additional parameters, which are defined ahead. In some DaCMs, the input and amplified output displacements are in the opposite directions. We call them inverting DaCMs as opposed to the noninverting DaCMs where the input and output are in the same direction. Figure 3͑b͒ is the SML of an inverting DaCM. The inherent amplification, n, is the ratio of the output and input displacements of the DaCM when it is not connected to anything else at its input and output sides. The value of n is negative for an inverting DaCM and positive for noninverter.
When the sensor, the DaCM, and an external load are all represented with their respective lumped models, the displacements at the input ͑y͒ and output ͑z͒ sides are obtained as follows by applying force and moment balances.
In addition to n, there are four more lumped parameters pertaining to the SLM. Two of these appear in Eqs. ͑2͒ and ͑3͒ that are concerned only with the static deflection. The other two are needed to capture the dynamic behavior. All these are explained below.
͑i͒ The stiffness at the input side of the DaCM, denoted by k ci , is computed by applying a unit force F in at the input point of the DaCM and dividing it by the displacement y 1 at the same point. This is shown in Fig. 4͑a͒ and in the equation below. This usually requires a finite element analysis unless an analytical solution is possible.
͑ii͒ The stiffness at the output side of the DaCM, denoted by k co , is computed by applying a force F out at the output and measuring z 2 ͑see Fig. 4͑b͒͒ and using the following equation:
Note that the SML model is such that the input's forcedisplacement relationship is independent of k co in the absence of an external load whereas that of the output is dependent on not only k co but also k ci and n. This ensures that SML model is not a simple rigid-body lever and that it correctly captures the essence of a DaCM. ͑iii͒ The input and output side inertias, m ci and m co , are determined by computing the first and second natural frequencies of the DaCM using modal analysis.
The importance of the five lumped parameters in a SML lies in the fact that when these are identical for two different DaCMs, we can say that those two DaCMs are equivalent. On the same token, two DaCMs are not equivalent if only their intrinsic amplification, n, is the same. This is useful in comparing the DaCMs reported in literature for a new application. This is also useful in arriving at suitable values of the SML parameters that ensure the desired performance. Before explaining the application of the SML models, we present customized size-optimization of existing DaCMs and then use them for analyzing the design performance of the two sensor applications.
Size-Optimization of a DaCM in the Catalog.
Some of the DaCMs found in literature were cited in the first section. These and others can be grouped into ones having flexural hinges and those having distributed compliant members such as beams. The design insights of flexural hinges are well known and they have recently been extensively analyzed by Lobontiu and Garcia ͓23͔. In this study, however, we have chosen only the compliant mechanisms with distributed compliance. Nine DaCMs are chosen here. Mechanisms M1-M7 ͑see Appendix͒ are from Refs. ͓3-10͔. They were all designed using topology and/or shape optimization methods. Mechanisms M1-M3 are based on shape and size optimized variants of a triangular building block. Mechanisms M4 and M5 are symmetric variants of the mechanism's topology reported in Ref. ͓3͔ . Mechanisms M1-M6 were optimized for static applications but M7 was optimized for dynamic behavior. Mechanism M8 is a new design obtained using topology optimization that included lateral cross-axis sensitivity requirement ͓24͔. Mechanism M9 is a continuum example and was obtained by optimization for dynamic loads ͓6͔. Mechanisms M1-M8 were analyzed by using beam elements programed in MATLAB. Mechanism M9 was analyzed using the plane-stress elements in commercial finite element analysis software, COMSOL ͓25͔. Clearly, all these are quite different from each other. In order to compare them on equal grounds, it is useful to modify them to fit within an area specified by the application while not violating the manufacturing constraints. This is described next.
Size-Optimization of DaCMs With Manufacturing
Constraints. The manufacturing technique for the accelerometer application is a combination of bulk and surface silicon micromachining ͓20͔ whereas that for the force sensor is based on deep reactive ion etching. Consequently, the minimum width for the accelerometer is taken as 3.5 m and that for the force sensor as 5 m. We pose a size-optimization problem to modify the DaCM topologies in the catalog ͑see Appendix͒ in view of the minimum width and the overall size and the objectives presented below.
High net amplification, NA, is the primary requirement for the accelerometer and high unloaded output sensitivity, ẑ 1 , for the force sensor ͑both are defined in the next subsection͒. The inplane beam widths b i for Mechanisms M1-M8 are used as the variables for optimization. It should be noted that the topology Fig. 4 Finite element simulations that are required to determine input and output side stiffnesses of a DaCM: "a… Load case 1: for determining k ci and "b… load case 2: for determining k co and shape of the mechanism are kept constant during the sizeoptimization. This is to ensure that the comparison of the mechanisms is a comparison of only their topologies. The problem statement for the optimization of the DaCMs is given below. Linear elastic analysis is sufficient in the case of the accelerometer because it operates in a force-rebalance mode ͓20͔. That is, the sensing point is maintained stationary with a feedback force while the actuation used for this is calibrated for estimating the acceleration. Because the entire DaCM actually remains undeformed in this mode, the instantaneous amplification using linear elastic modeling is adequate.
The force sensor, on the other hand, is operated in the openloop mode. Thus, for a substantially large range of the applied force, the displacements of the DaCM will be large. Thus, geometric nonlinearity is considered in solving the above sizeoptimization problem in the case of the force sensor.
Analysis of the Desired Performance Using the SML
Model. The SML model allows us to predict the performance of the sensor when it is attached to a DaCM. Adding a DaCM is of value only if the output displacement of the combined system ͑z in Fig. 3͑b͒͒ is greater than the output displacement of the sensor without the DaCM ͑x in Fig. 2͑a͒͒ . Thus, we define a quantity called NA, which is the ratio of the displacement of the sensor with the DaCM to the displacement of the sensor alone without the DaCM.
The net amplification of the DaCM added to the sensor should be greater than 1 for the DaCM to amplify the sensor-displacement. By using the SML, we obtain feasible values of k ci , k co , and n for the DaCM in the two applications mentioned in the previous section so that NA is more than unity.
Micromachined Accelerometer.
It was stated earlier that the sensitivity of the accelerometer reported in Ref. ͓20͔ had to be increased by a factor of 2.5 in order to detect 1 g acceleration. This means that the NA of the system with the DaCM needs to be at least 2.5. Using the properties of the sensor stiffness and inertia, Eq. ͑7͒ can be expressed in terms of the static DaCM variables, k ci , k co , and n. The forces F in and F out can be expressed in terms of the proof-mass inertia m s g and the comb-drive inertia m ext g, respectively. If we plot Eq. ͑7͒ in the k ci -k co -n coordinate system, we get a surface. If the point with coordinates k ci , k co , and n corresponding to a DaCM lies above that surface, then that DaCM meets the requirement of the application. We check if the sizeoptimized DaCMs described in Sec. 2.2 lie above that surface. Those that lie above the surface are considered for further comparison using other performance criteria.
Vision-Based Force Sensor.
The sensitivity of the force sensor is the output displacement for a unit input force and zero output force in the absence of external and sensor stiffnesses. By referring to Fig. 4͑a͒ , we can see that it is the displacement z 1 when F in =1, F out =0, k s = k ext = 0. We call this z 1 unloaded output sensitivity and denoted it with ẑ 1 . It is equal to the ratio of the inherent amplification factor ͑n͒ and the input stiffness k ci as can be obtained from Eq. ͑2͒ and it has the units of m/N.
It was stated in the previous section that to measure a 5 m displacement for a force of 2.5 N, the required unloaded output sensitivity ͑ẑ 1 ͒ is around 2 m / N. High inherent amplification ͑n͒ with low input-side stiffness ͑k ci ͒ are required in this application. The size-optimized DaCMs can be checked against Eq. ͑8͒ to make a short list of DaCMs that meet the primary requirement of the force sensor application.
Comparison of DaCMs for the Two Sensor Applicatons.
In the accelerometer application, there is a secondary requirement on the cross-axis stiffness, which we denote by k cross . That is, when there is acceleration in a direction that is perpendicular to the intended direction, the sensor should not give a measurable signal. This implies that the stiffness in the cross-axis directions should be sufficiently high. The SML model cannot easily capture this behavior because it is restricted to two points with the directions fixed at either point. Similarly, in the force sensor too, there exists a secondary requirement on the stress before failure. The failure stress determines the range of the force measured by the sensor. In other words, the maximum stress experienced by the mechanism over the intended range of the sensor determines its factor of safety against failure ͑FS͒ after a material is chosen for the mechanism. This too is not captured by the SML model because it is a lumped model whereas the maximum stress is intricately related to the actual shape and topology of the DaCM. Natural frequency is also an important secondary requirement as it decides the bandwidth of the sensor.
After modifying the DaCMs in the catalog as per the optimization problem stated in Eq. ͑6͒, we compute the lumped parameters of the SML models of DaCMs M1-M9 for both the applications. Because only static analysis is considered in evaluating both the sensors, the two inertia parameters of the SML model are deemed irrelevant here. Table 1 shows the net amplification of all the mechanisms for the accelerometer of Chae et al. ͓20͔. It can be seen that Mechanisms M1, M2, M4, M7, and M8 have a net amplification greater than 1. In the case of the force sensor, M2 just meets the requirement on the primary criterion, namely, the unloaded output sensitivity. Figure 5 gives the relative comparison M1-M9 based on the aforementioned six criteria. It can be seen that no single mechanism excels in all the attributes. Thus, for the selection of the best DaCM for a particular application, a figure of merit that combines various performance parameters or attributes will be useful ͓24͔. Since none of the existing DaCMs meet the primary and secondary requirements, we next present an optimization procedure for obtaining new DaCMs for the two applications. It should be 
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Transactions of the ASME noted, however, that the SML based analysis showed that primary specifications can indeed be met by a DaCM for both applications.
Synthesis of New Mechanisms Using Topology Optimization
Topology optimization is recognized as one of the systematic methods to design compliant mechanisms ͓3,16͔. This method, in its most popular implementation, operates on a fixed mesh of finite elements and defines a design variable, which is associated with each element in the mesh. The optimization algorithm determines the value of the design variables, which define the optimal topology of the mechanism. The design obtained from topology optimization is specific to the design domain, loading, and boundary conditions. The design variables are driven toward the optimal topology by the objective function and the constraints, which are specific to the problem. Objective function is a scalar quantity, which is a function of the design variables. Optimality criteria method ͓3͔ is used in this paper to obtain new topologies for the sensor applications. The sensitivities are analytically calculated.
Optimization for the Accelerometer Specifications.
The objective function and the constraints for the accelerometer topology optimization problem are indicated below. where b is the design variable vector containing the in-plane widths, SE cross is the strain energy for a load applied in the crossaxis direction, K is the global stiffness matrix, and u cross is the displacement vector under cross-axis loading. The cross-axis stiffness is given in the problem stated in Eq. ͑9͒ and is represented in Fig. 6͑a͒ . The specifications of the problem are given in Table 2 and Fig. 6͑b͒ . Figures 6͑c͒ and 6͑d͒ show the optimized topology of the mechanism and its deformed configuration. The topology obtained from optimization may not adhere to the specifications of the micromachining process. This is because the optimization procedure does not take into account the manufacturing constraints. Thus, the obtained topology is further optimized for its element widths to get the final mechanism.
The optimized mechanism has an inherent amplification n of 3.2. This design improves the sensitivity of the accelerometer of Chae et al. ͓20͔ by a factor of 2.5 and thus meets the specification of detecting close to 1 g acceleration. This design is not as sensitive as M2 but is better than M8. It has a cross-axis sensitivity of 0.02%, which is better than M2 but worse than that of M8. This mechanism is shown as M10 in the Appendix. Figure 7 shows M10 attached with a proof-mass and suspension. Mechanism M11 in the Appendix is obtained from topology optimization for the same set of specifications but without incorporating the cross-axis constraint. It thus has a high sensitivity but very low cross-axis stiffness.
Optimization for the Force Sensor Application.
We first obtain a DaCM by using the usual formulation of maximizing the ratio of the displacements at the input and the output points using beam grillages as the ground structure ͓3͔. The formulation of the optimization problem is shown below. ͑ i ͒, and width of the element ͑b i ͒. These are shown in Fig. 9͑a͒ . The resulting mechanism is named M12 in the Appendix. It amplifies around 2.5 times, and its sensitivity is 2.56 m / N. In this section, topology optimization was shown to give solutions that satisfy the specifications put forth by the accelerometer and force sensor applications. The next section explores possibilities for further improvement for overall size refinement and its effects on the performance of the DaCM.
Discussion
Despite having only nine DaCMs, both the applications considered did yield reasonable designs to meet the primary specification ͓24,26͔. Topology optimization gave improved designs that meet the secondary specifications for both the applications because it is specifically targeted for meeting their requirements. However, it must be noted that these specifications were moderate and not entirely unattainable. This is supported by the fact that the existing mechanisms ͑M1, M2, and M8 for accelerometer and M2 for the force sensor͒ were close to satisfying the specifications. When the catalog grows, the selection procedure will become even more effective. However, if none of the mechanisms come close to meeting the specifications of a problem, it cannot be guaranteed that topology optimization will yield feasible designs. Hence, the SML based analysis is useful before topology optimization is carried out. For example, if 0.25 N needs to be detected for the vision-based sensing application ͓21͔ instead of 2.5 N, an output sensitivity ẑ 1 of 20 m / N is desired from the DaCM. None of the mechanisms ͑M1-M9͒ come close to meeting the specification for the footprint area of 3.368ϫ 2.526 mm 2 . In such cases, the designer needs to use his/her intuition to modify the best mechanism to meet the specification. Changes in topology are usually not apparent but the change in the overall area of envelope ͑footprint area͒ of the mechanism or change in the out-of-plane thickness could be attempted. If the changes are not major, they can be systematically tracked ͓24͔.
To achieve the specification of detecting a force of 0.25 N, the stiffness of the mechanism needs to be drastically reduced. As pointed above, this can be done either by reducing the out-ofplane thickness or by increasing the area occupied by the mechanism. The out-of-plane thickness is to be decreased to 7.5 m from 25 m ͑see Ref. ͓24͔͒, but this is not permissible by some fabrication processes. Thus, increasing the area occupied by the mechanism is the only feasible option. The area has to be increased by at least five times if the specification has to be achieved. This can be calculated if we know how the stiffness scales with footprint size. Once the footprint area is known, better mechanisms could be found from topology optimization. For details, see Ref.
͓24͔.
The procedure outlined for the design of DaCMs in this paper can be generalized for other compliant mechanisms for both sensor and actuator applications. Actuator applications require high mechanical efficiency, which is the ratio between the work done at the output and the energy input to the mechanism. This quantity can be expressed in terms of the DaCM parameters k ci , k co , and n. The SML approach can be effectively applied to other compliant mechanisms such as compliant grippers and other compliant mechanisms. Furthermore, the effect of the geometric nonlinearity in force-displacement relationships could also be captured within the same model by assuming the DaCM parameters to be a function of the applied force.
Conclusions
DaCMs have been developed and used for actuator applications. In this paper, we propose a general methodology for designing a DaCM and use it to increase the sensitivity of sensors, which Transactions of the ASME rely on the displacement-transduction scheme. Two sensor applications considered in this paper are a bulk-micromachined capacitive accelerometer and a minute mechanical force sensor. A spring-mass-lever ͑SML͒ model is a generalization of the usual spring-mass lumped model for the case of an elastic body with two points of interest. The SML model with its five lumped parameters adequately captures the behavior of the DaCM in that one can say that two DaCMs are equivalent if and only if their five SML parameters are the same. The model also helps determine the feasible values of the DaCM parameters that meet the specifications for the aforementioned sensor applications. It also determines how close the existing mechanisms are before a new mechanism is designed using topology optimization. An application-specific topology optimization was shown to give improved designs for both the applications. The refinement of DaCM topologies, especially the effect of changing the envelope area ͑footprint͒, was proposed to further aid in closing in on the specifications. The SML model can be further extended to include the effects of geometric nonlinearity.
